Zeolites were synthesized from silica-rich (SF-Z) and calcium-rich (CF-Z) fly ashes, respectively, and their performance in immobilizing ammonium and phosphate was investigated through batch experiments. The cation exchange capacity and phosphate immobilization capacity of SF-Z were identified as 2.79 meq/g and 12.97 mg/g while those of CF-Z were 0.69 meq/g and 87.41 mg/g, respectively. The mixture of SF-Z and CF-Z (MSC-Z) immobilized simultaneously ammonium and phosphate, and the ratio of SF-Z to CF-Z depended on the ammonium and phosphate concentrations in wastewater and the discharge standard. The adsorption processes of ammonium and phosphate on MSC-Z followed Ho's pseudo-second-order model and the intra-particle diffusion was a ratecontrolling step. The Langmuir model produced better suitability to the equilibrium data. The thermodynamic study revealed that the adsorption of both ammonium and phosphate on MSC-Z was an endothermic reaction. After treatment by MSC-Z, the ammonium and phosphate concentrations in wastewater from a sewage treatment plant decreased from 7.45 and 1.42 mg/L to 2.06 and 0.51 mg/L, respectively, and met Surface Water Environment Quality Standard in China δ. These results show that the immobilization of ammonium and phosphate in wastewater can be achieved by the combination of zeolites synthesized from silica-rich and calcium-rich fly ashes.
INTRODUCTION
Fly ash is a waste material generated from electric power plants. The generation rate of fly ash is approximately 500 million tons per year worldwide and it is predicted to increase (Kankyo Gijyutsu Kyokai and Nippon Fly Ash Kyokai ; Basu et al. ) . It is abundant in aluminum oxide, calcium oxide and ferric oxide, and is classified into two groups, silicate-rich fly ash (SiO 2 þ Al 2 O 3 þ Fe 2 O > 70%) and calcium-rich fly ash (50% < SiO 2 þ Al 2 O 3 þ Fe 2 O 3 < 70%) (Vassilev & Vassileva ) . Except for a small proportion of fly ash used as a building material, most of it is disposed of in piles and landfills, causing severe environmental problems due to its fine structure and toxic elements. As one of the environmentally-friendly and economically-viable solutions, the fly ash was converted into zeolite, which has been widely attempted for pollutants removal in gas, wastewater and polluted soil (Querol et al. ; Molina & Poole ) . The results showed that the fly-ash derived zeolite exhibited potential as adsorbents for the removal of metals, organics, SO 2 and so on.
Excessive discharge of nitrogen and phosphorus from both point and nonpoint sources contributes to the eutrophication of receiving water bodies (Schindler et al. ) . The development of efficient techniques for removal of these nutrients has attracted great interest, especially for simultaneous removal of ammonium and phosphate (Yan & Cui ) . Great efforts have been conducted to remove ammonium and phosphate using the synthesized zeolite from fly ash (Ruiz et The results showed that the zeolites synthesized from silica-rich fly ashes exhibit high ammonium exchange capacity (Moutsatsou et al. ; Zhang et al. b) . The zeolite synthesized from calcium-rich fly ash however exhibits high phosphate immobilization capacity (PIC) (Chen et al. ; Zhang et al. c) . To immobilize simultaneously ammonium and phosphate, previous studies synthesized zeolite from silicate-rich fly ash, and then treated the synthesized zeolites with the chemical reagent (such as CaCl 2 ) to improve their PIC (Murayama et al. ; Wu et al. ; Zhang et al. ) . The obtained products exhibited a good performance in simultaneously immobilizing ammonium and phosphate. However, this not only increases the treatment cost but also produces the difficult-handling salt solutions. The different performance of zeolites synthesized from silica-rich and calcium-rich fly ashes in the ammonium and PIC reminds us that the simultaneous immobilization of ammonium and phosphate may be achieved by the combination of the two synthesized zeolites, whereas that has received little attention.
In the present study, zeolites are synthesized from silicarich fly ash (SF-Z) and calcium-rich fly ash (CF-Z), respectively. The effectiveness of the mixture of SF-Z and CF-Z (MSC-Z) in immobilizing simultaneously ammonium and phosphate from aqueous solution is investigated. The adsorption kinetics, equilibria and thermodynamics of ammonium and phosphate on MSC-Z are analyzed. The performance of MSC-Z in the simultaneous immobilization of ammonium and phosphate in wastewater from a sewage treatment plant is also studied.
MATERIALS AND METHODS

Zeolite synthesis and characteristics
The silica-rich fly ash (SF) and calcium-rich fly ash (CF) were obtained from a power plant in China. The main chemical composition of SF was SiO 2 : 75.69%, Al 2 O 3 : 6.43%, Fe 2 O 3 : 5.45%, and CaO: 3.31%. That of CF was 30.76, 14.31, 10.27 and 37.55%, respectively. An alkaline fusion followed by the hydrothermal method was used to synthesize zeolite (Wang et al. ) . The structural identification of the fly ashes and synthesized zeolites, such as chemical compositions, X-ray diffraction (XRD), PIC, cation exchange capacity (CEC) and special surface area (SSA), was conducted using the measures described previously (Chen et al. ; Zhang et al. a) . The zeolite content in synthesized zeolites was analyzed using a software named X' Pert Highscore Plus. The point of zero charge (pH PZC ) was estimated by the mass titration method.
Batch experiments
Aqueous solutions containing both ammonium and phosphate were prepared from anhydrous (NH 4 ) 2 HPO 4 and NH 4 Cl (analytical grade), respectively. A special amount of MSC-Z was added in 25 mL of the aqueous solution in a 100 mL stoppered conical flask, and then stirred for 28 h (sufficient time to reach equilibrium based on the previous studies) in a temperature-controlled shaker at 180 rpm. During the period, the pH of the solution was adjusted by adding 1 mol/L of HCl or NaOH (the optimal pH for the simultaneous immobilization of ammonium and phosphate based on the previous experiments).
The effect of pH on the ammonium and phosphate removal using MSC-Z was conducted in the pH range of 3.0 and 11.0 at MSC-Z dosage of 8 g/L with the SF-ZCF-Z ratio of 4. The performance of MSC-Z in immobilizing simultaneously ammonium and phosphate was investigated at MSC-Z dosage of 8 g/L and the SF-Z/(CF-Z þ SF-Z) ratio range of 0 to 1. The effect of contact time was determined by analyzing the adsorptive uptake of ammonium and phosphate from aqueous solutions on MSC-Z at different time intervals (0-28 h), and different kinetics models were used to fit the experimental data. Adsorption isotherm experiments were carried out at 25, 35 and 45 W C with different initial ammonium and phosphate concentrations (10-40 mg PO 4 3À -P/L and 50-200 mg NH 4 þ -N/L). The ammonium and phosphate adsorption from the real wastewater collected from a sewage treatment plant in Beijing, China, was also conducted with MSC-Z dosage of 2-20 g/L and the SF-Z/CF-Z ratio of 4:1. When the adsorption equilibrium was achieved, the resultant solutions are filtered using 0.45 μm cellulose acetate membrane. The concentrations of ammonium and phosphate remaining in the resulting supernatant were determined respectively using Nesslerization and molybdenum-blue ascorbic acid method with spectrophotometer (SEPAC ). As for the Nesslerization method, the seignette salt and Natrium reagent were the color development reagents. The solution was measured at 420 nm wavelength, which corresponds to maximum absorbance. For the molybdenum-blue ascorbic acid spectrophotometric methods, the color development reagents were molybdate and ascorbic acid. The measurement was made at 700 nm wavelength. Adsorption quantity and removal efficiency were calculated by the difference of the initial and final concentrations of ammonium and phosphate. All the experiments were conducted in duplicate. The concentrations of metals (Na þ , K þ , Ca 2þ , Mg 2þ ) in the real wastewater were measured using an inductively coupled plasma optical emission spectrometer (ICP-OES, Optima 2000, PerkinElmer Co., USA).
RESULTS AND DISCUSSION
Comparison of fly ashes and synthesized zeolites in composition and nutrient immobilization As shown in Figure 1 , the major crystalline phase was quartz and mullite for SF while it was anhydrite and quartz for CF. The SSA of SF was determined as 3.147 m 2 /g, while that of CF was 0.894 m 2 /g. The main crystalline phase was identified as faujasite for SF-Z, while it was gismondine for CF-Z. The main chemical composition of SF-Z was determined as SiO 2 : 33.79%, Al 2 O 3 : 27.41%, Fe 2 O 3 : 3.08%, and CaO: 2.60%, and those of CF-Z were 23.75, 9.06, 9.37 and 32.51%, respectively. The results showed that the synthesized zeolites had similar chemical compositions to their corresponding raw fly ashes. The SSA of SF-Z was obtained as 27.015 m 2 /g, while that of CF-Z was 45.511 m 2 /g. The zeolite content of SF-Z was calculated as 80%, while that of CF-Z was 21%. This was because, for CF-Z, Ca-compound in fly ash could act as a zeolite synthesis inhibitor through the formation of calcium silicate, which caused lower content of zeolite in CF-Z than SF-Z and thus its poor performance in ammonium adsorption (Juan et al. ) .
The PIC of CF-Z was determined as 87.41 mg/g, while that of SF-Z was 12.97 mg/g. The CEC of SF-Z and CF-Z was 2.79 and 0.69 meq/g, respectively. As the PIC and CEC represent to a certain extent the phosphate and ammonium removal capacity of adsorbent, this indicates that CF-Z has a higher phosphate uptake capacity, whereas SF-Z exhibits a stronger ammonium uptake capacity. This may be because the calcium phosphate precipitation and adsorption are the major mechanisms for phosphate removal by fly ash and its derived zeolite (Pengthamkeerati et al. ; Lu et al. ) . Thus, the higher Ca content and the larger SSA favor the phosphate removal of CF-Z. On the other hand, the ammonium immobilization is achieved by ion exchange with the exchangeable Na þ -ions in zeolite (Sarioglu ; Zhang et al. b) . The higher zeolite content of SF-Z therefore accounts for its higher ammonium adsorption capacity.
Effect of pH on ammonium and phosphate immobilization using MSC-Z Based on the above analyses, we mixed SF-Z and CF-Z together. The ammonium and phosphate removal by MSC-Z was investigated at pH values ranging from 3.0 to 11.0. The results in Figure 2 show that as the pH of the solution increased from 3.0 to 9.0, the ammonium removal efficiency increased from 24.3 to 54.5%, and then decreased to 24.9% until pH 11.0. This may be because the conversion from NH 4 þ to NH 3 at pH values above 9.0 and the hydrogen ion phosphate, the removal efficiency increased from 35.1 to 79.7% with pH increasing from 3.0 to 5.0, and afterwards decreased following the increase of pH and reached the minimum of 24.7% at pH 11.0. This is because the acidic conditions below pH 5.0 and the decrease of released Ca 2þ amount above pH 5.0 was unfavorable to the calcium phosphate precipitation and led to the decrease of phosphate removal efficiency (Zhang et al. c) . Considering simultaneously ammonium and phosphate, the pH of aqueous solution in the following experiments was adjusted to 7.5. The pHzpc of SF-Z and CF-Z was determined as 7.8 and 7.1, respectively ( Figure 1 in the Supplementary Material, available online at http://www.iwaponline.com/ wst/067/690.pdf). At pH 7.5, the zeta of SF-Z and CF-Z was close to 0, which decreased the effect of the electrical double layer on the ammonium and phosphate adsorption.
Effect of SF-Z/CF-Z ratio on ammonium and phosphate removal using MSC-Z
The simultaneous immobilization of ammonium and phosphate by MSC-Z with different SF-Z/CF-Z ratios was investigated, and the results are showed in Figure 3 . The results show that, following the increase of SF-Z/(CF-Z þ SF-Z) ratio from 0 to 1, the phosphate removal efficiency of MSC-Z decreased from 92.36-96.23% to 18.96-24.96% in three solutions while the ammonium removal efficiency increased from 21.03-31% to 75.06-83.45%. In the solutions of 1 and 2 containing different ammonium concentration, the phosphate removal efficiencies were almost equal to each other when the SF-Z/(CF-Z þ SF-Z) ratio was the same. In the solutions of 2 and 3 with different phosphate concentration, the ammonium removal efficiencies were almost equal. This indicates that the ammonium concentration had little effect on the phosphate removal of MSC-Z and the phosphate concentration also did not influence the ammonium removal. The results in Figure 3 also show that the ammonium and phosphate removal efficiencies varied with the SF-Z/ CF-Z ratio. As for the different wastewaters, to obtain the simultaneous removal of ammonium and phosphate, the optimal SF-Z/CF-Z ratio in MSC-Z thus should depend on the ammonium and phosphate concentrations in the wastewater and the corresponding discharge standard. For example, for the solution of 1, its N/P ratio was 5. In the Surface Water Environment Quality Standard in China ( GB3838-2002) , the N/P ratio is also 5 in the surface water at class I-δ. To make the solution meet the discharge standard, the optimal SF-Z/(CF-Zþ SF-Z) ratio should be 0.8 since the removal efficiencies of ammonium and phosphate of MSC-Z were the same at this ratio and the N/P ratio of the effluent thus was also 5.
Adsorption kinetics
In order to investigate the adsorption mechanisms of ammonium and phosphate on MSC-Z, the adsorption kinetics data were tested by the Lagergren first-order, Ho's pseudo-second-order and intra-particle diffusion kinetic models, respectively (Weber & Morris ; Motoyuki ; Ho & McKay ). The equations of these models are presented in the following forms: ln (q e À q t ) ¼ ln q e À k 1 t (1) 
where q e and q t are the amounts of adsorbate adsorbed on the adsorbent (mg g À1 ) at equilibrium and at time t, respectively. The values k 1 (min À1 ) and k 2 (g mg À1 min À1 ) are the rate constants of the firstand second-order models, respectively. Value k ipd is the intra-particle diffusion rate constant (mg g À1 min À1/2 ). C is the intercept. The results in Table 1 show that the adsorption kinetic data fit both Lagergren's first-order and Ho's pseudosecond-order models very well (R 2 > 0.9). Judging by the higher R 2 values, the Ho pseudo-second-order model explains the kinetic processes of the ammonium and phosphate uptake on MSC-Z better. This is consistent with the kinetics process of ammonium and phosphate on other adsorbents in the literature, such as bentonite, natural zeolite, trimetal oxide and so on ( Table 1 in the Supplementary Material, available online at http://www. iwaponline.com/wst/067/690.pdf). For the phosphate, the plot of q e versus t 1/2 was a straight line, and the regression coefficient was 0.9372 (Table 2 ). This indicates that the intra-particle diffusion is the rate-controlling step for the phosphate uptake on MSC-Z. On the other hand, for the ammonium, the plot of q e versus t 1/2 was not a straight line over the whole time range and exhibited bilinearity, suggesting that there were two successive adsorption steps in the ammonium uptake process. The first linear portion is attributed to the boundary layer diffusion and the final linear portion is due to the intra-particle diffusion (Abramian & El-Rassy ). The first stage was faster than the second, indicating that the second stage, i.e. intra-particle diffusion, is highly involved in the rate control of the ammonium uptake on MSC-Z.
Adsorption isotherms
The adsorption isotherm characterizes the equilibrium of adsorbate in the solid phase with the adsorbate in solution. To investigate the adsorption mechanism of ammonium and phosphate on MSC-Z, the adsorption isotherm experiments were conducted at 25, 35, 45 W C, respectively. The adsorption data of ammonium and phosphate on MSC-Z were analyzed using Langmuir and Freundlich models (Freundlich ; Langmuir ). The linear forms of the two isotherm models are written as:
where C e is the equilibrium concentration of ammonium and phosphate in solution (mg·L À1 ); q e is the amount of ammonium and phosphate adsorbed on MSC-Z (mg g À1 ); q m and b are the maximum monolayer adsorption capacity (mg g À1 ) and the binding constant, respectively; K F and n are indicative of the extent of the adsorption and the adsorption intensity, respectively. The coefficients of determination in Table 2 reflect that the Langmuir model (R 2 ¼ 0.9092-0.9689) yielded a better fit than the Freundlich model (R 2 ¼ 0.8688-0.9567). This suggests that the homogeneous uptake happens for both ammonium and phosphate uptake on MSC-Z, i.e. the adsorption of ammonium and phosphate onto MSC-Z was one monolayer. For the phosphate, the obtained Langmuir constant, q m , was 3.06, 3.19 and 3.44 mg/g at 25, 35, 45 W C, respectively. For the ammonium, that was 9.57, 10.57 and 13.66 mg/g at 25, 35, 45 W C, respectively. For both ammonium and phosphate, the obtained constant b was very low, and the Freundlich constant 1/n obtained was also smaller than 1. All of these confirm an uptake process favorable for the ammonium and phosphate removal using MSC-Z. A comparison of ammonium and phosphate removal capacity of various adsorbents is shown in Table 1 and 2 in the Supplementary Material (available online at http:// www.iwaponline.com/wst/067/690.pdf). Despite the different methods and experimental conditions in different studies, it is still obvious that SF-Z and CF-Z had higher adsorption capacity for ammonium and phosphate, respectively. MSC-Z had high potential for removing simultaneously ammonium and phosphate from aqueous solutions.
Adsorption thermodynamics
The thermodynamic parameters of ammonium and phosphate uptake on MSC-Z, i.e. enthalphy (ΔH ), entropy (ΔS) and, free energy (ΔG) changes, are calculated from the Langmuir constant b obtained above. The computing formulae are expressed as:
The obtained free energy changes (ΔG) for both ammonium and phosphate were negative values. For ammonium, ΔG was determined as À15.55, À16.58, À17.62 KJ·mol À1 at 25, 35, 45 W C, respectively. For phosphate, it was À22.50, À23.53, À24.55 KJ mol À1 at three different temperatures, respectively. This showed that their uptake on MSC-Z is spontaneous. The ΔH was obtained as 15.29 and 7.96 KJ mol À1 for ammonium and phosphate, respectively. The positive ΔH values indicated that the adsorption was an endothermic reaction for both ammonium and phosphate on MSC-Z. This suggested that the adsorption capacity of ammonium and phosphate on MSC-Z increased with temperature, which was consistent with the results obtained in the adsorption isotherm section. ΔS was calculated respectively as 103.47 and 102.24 J mol À1 K À1 for ammonium and phosphate. The positive values of entropy (ΔS) show that randomness increases the removal of ammonium and phosphate by MSC-Z. These results were consistent with those of most adsorbents used in the previous studies ( Table 1 in the Supplementary Material).
Simultaneous immobilization of ammonium and phosphate in real wastewater using MSC-Z
The concentrations of Na þ , K þ , Ca 2þ , Mg 2þ in the wastewater from the sewage treatment plant were measured as 80. 25, 23.34, 62.55 and 35 .13 mg/L, respectively. The ammonium and phosphate concentrations in the wastewater were determined as 7.45 and 1.42 mg/L, respectively. According to the discharge standards of pollutants for the municipal wastewater treatment plant (GB 18918-2002) in China, the wastewater belongs to class B level (ammonium concentration 8.0 mg/L and phosphate concentration 1.5 mg/L). The ammonium and phosphate concentrations in the wastewater, after treatment by MSC-Z, are presented in Figure 4 . The results show that the ammonium and phosphate concentrations increased with the increase of MSC-Z dosage. When MSC-Z dosage was 20 g/L, the ammonium and phosphate concentrations in the wastewater after treatment were 2.06 and 0.51 mg/L, respectively, which met basically the Surface Water Environment Quality Standard in China (GB3838-2002) δ (phosphate concentration 0.5 mg/L, ammonium concentration 2.0 mg/L).
The other ions in the wastewater can compete with ammonium and phosphate for the adsorption sites, especially for cations competing with ammonium (Zhang et al. a) . The initial ammonium concentration in real wastewater was 7.45 mg/L. The ammonium removal efficiency was obtained as 57.7%. For the synthesized solution in the section 'Effect of SF-Z/CF-Z ratio', the solution contained 50 mg NH 4 þ -N/L. Other experimental conditions were the same as the real wastewater. The obtained ammonium removal efficiency was 52.54%. Under the significant difference of ammonium initial concentration in the synthesized solution and in the real wastewater, the ammonium removal efficiencies were almost equal to each other. This indicates that the existing cations in real wastewater compete the exchange sites with ammonium-ions. To reach the same removal efficiency, the dosage of MSC-Z should be higher for the real wastewater than for the synthesized solution.
The results obtained above show that MSC-Z can immobilize simultaneously phosphate and ammonium from aqueous solution, and can be used as a promising material for the ammonium and phosphate removal in municipal and industrial wastewater. The previous study showed that the small amount of harmful elements (such as As, Mn, Pb, etc.) in fly ash dissolve into alkaline solution after hydrothermal treatment, and the synthesized zeolite is safe (Inada et al. ) . Thus, the final phosphate and ammonium bearing zeolite product can be used as fertilizer or soil amendment because the zeolite has not only waterkeeping ability but also slow-releasing ability for P and N components.
CONCLUSIONS
MSC-Z could immobilize simultaneously ammonium and phosphate from wastewater, and the ratio of SF-Z to CF-Z depended on the ammonium and phosphate concentrations in wastewater and the corresponding discharge standard. The uptake of ammonium and phosphate on MSC-Z followed Ho's pseudo-second-order model, and the intraparticle diffusion was the rate-controlling step. The homogeneous uptake happened for both ammonium and phosphate uptake on MSC-Z, and their adsorption was a spontaneous and endothermic reaction. These results showed that MSC-Z could be used as a promising material for ammonium and phosphate immobilization in municipal and industrial wastewater. The final ammonium and phosphate bearing zeolite product could be utilized as fertilizer or soil amendment.
